Abstract: Chromium (III) is one of the chemicals widely used in various industrial processes. The wastewater containing Chromium (III) can be interconverted to Cr (VI) in the environment, which is one of the most toxic chemicals to biological systems. This paper investigates the removal of chromium (III) from aqueous solutions by adsorption process using abundant vesicular basalt available around Abbay River in Ethiopia. The batch adsorption method has been employed to evaluate the effect of various experimental parameters (pH, ionic strength, initial concentration and contact time) on Cr (III) adsorption. The adsorption process was highly dependent on pH. The maximum adsorption capacity was 0.976 mg g −1 at pH 6, initial concentration of 100 mg L −1 and adsorbent dosage of 50 g L −1
. Kinetic experiments indicated that the pseudo-second-order model displayed the best correlation with adsorption kinetic data. The adsorption mechanism of Cr (III) onto the surface of the vesicular basalt involved film diffusion and/or intraparticle diffusion during the reaction. Equilibrium studies indicated that the Langmuir Isotherm model was found to be in better correlation with experimental data. This study indicated that vesicular basalt rock owned good potential for the treatment of Cr (III) containing polluted water.
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PUBLIC INTEREST STATEMENT
Chromium is widely applicable in elemental or compound forms in various industrial processes, such as tanning, electroplating, treatment of wood, making of alloys, dyes, paints, etc. In developing countries, large quantities of chromium (III) containing wastewater are discharged to the nearby water bodies and open damp sites without treatment, due to the absence of strong binding laws. Chromium (III) can be interconverted into chromium (VI), which is toxic and carcinogenic to humans. The wastewater treatment methods require a high investment that the firms do not want to expend to it. This article investigated vesicular basalt rock, which is locally available and low cost has the potential to be used as an alternative method for the removal of chromium (III) from polluted water.
Introduction
Chromium is a trace metallic element widely applicable in various industrial processes such as chromium plating, chrome tanning, chromium chemical production, wood preserving, textile dyeing, pigmenting, pulp and paper production and ferrochromium or chromium metal production. Such activities have increased the levels of chromium pollution in the water, soil and air cause harmful effects on human health and the environment (Cheng, Zhou, Li, Lu, & Lin, 2014) .
Chromium occurs in the environment most commonly as Cr (III) and Cr (VI) oxidation states that are quite different in chemical, biological and environmental properties. Cr (III) and Cr (VI) are interconvertible depending on pH, presence of oxidizing and reducing compounds, the total chromium concentration in soil, water and atmospheric systems (Deng & Stone, 1996; Riemsdijk, Koopal, & Hiemstra, 2006; Wittbrodt & Palmer, 1995) . Cr (III) is important for living organisms, mainly for proper functioning, control of glucose and lipid metabolism (Anderson, 1989) . But in higher concentrations, it mainly affects respiratory and immunological systems and likely to produce genotoxic DNA effects in the cell nucleus (Agency for Toxic Substances and Disease Registry [ATSDR], 2012). Cr (VI) is toxic and its effects are carcinogenic, cause allergies, damages kidney, liver and gastritis in humans (ATSDR, 2012; Gad, 1989) . There are various methods for the removal of chromium and other toxic metals from aqueous solution, such as chemical precipitation, adsorption, ion exchange and reverse osmosis (Kurniawan, Chan, Lo, & Babel, 2006) . However, existing methods have several challenges, which make them not applicable for developing countries around the world. Recently, more attention has been given for development of low cost adsorbents for the removal of heavy metals from water such as rocks (Kyziol-Komosińska, Rosik-Dulewska, Dzieniszewska, Pajak, & Krzyzewska, 2014) , industrial by-products (Mohan & Singh, 2002) , and agricultural wastes (Elmola, Hamdy, Kassem, & Hady, 2016) . Volcanic rocks are formed by solidification and cooling of magma. Vesicular basalt (VB) is a volcanic rock formed when extrusive rocks from magma reaching the surface either as lava or fragmental ejecta (Carlson, Plummer, & Hammersley, 2008) . This type of rocks is typically composed of plagioclase, pyroxene, olivine, quartz, hematite and magnetite (Alemu, Lemma, Gabbiye, Alula, & Desta, 2018; Kwon, Yun, Kim, Mayer, & Hutcheon, 2005) . It is abundantly found in many parts of the world such as Central America, Western Europe, Western South America (SoubrandColin, Bril, Neel, Courtin-Nomade, & Martin, 2005) , Central Africa (Benedetti et al., 2003) and East Africa (Tadesse, Milesi, & Deschamps, 2003) .
Vesicular basalt rocks are among natural materials having better features to be used as low-cost adsorbents of heavy metals mainly due to their important properties such as high surface area and local availability in large quantities (Alemayehu & Lennartz, 2009) .VB is the most abundant rock type with many vesicles (cavities) both inside and at its surface (Carlson et al., 2008) . The potential of volcanic rocks to remove heavy metals such as Zn (II), Cd (II), Cu (II), Pb (II), Ni (II) and Cr (VI) has been reported (Alemayehu et al., 2011; Alemayehu & Lennartz, 2010; Alemu et al., 2018; Kwon et al., 2005; Sekomo, Rousseau, & Lens, 2012) . But lacks information about the adsorptive interactions between Cr (III) and the VB volcanic rocks in the aqueous system.
The main objectives of the present work were to assess the effects of pH, ion strength, initial concentration of Cr (III) and contact time on the adsorption of Cr (III) in aqueous solutions. The adsorption process was analyzed using common kinetic and isotherm models. This study therefore attempts to the management of Cr (III) from anthropogenic sources like tanneries, with locally abundant VB rock to lessen the environmental pollution commonly happening in developing countries like Ethiopia due to inactive regulations.
Materials and methods

Materials
Chromium chloride hexahydrate (CrCl 3 .6H 2 O) (≥99% purity), hydrochloric acid (36.5-38%) and potassium nitrate (99.0-100% assay) were purchased from BDH laboratory supplies. Sodium hydroxide pellets (extra pure 98%) was purchased from Research Lab Fine Chemical Industries and Ultrapure water (conductivity = 0.05 μs/cm), was obtained from Evoqua Water Technologies. All the reagents were of an analytical grade. The grey VB volcanic rocks used for this research were collected around Bahir Dar City (North West of Ethiopia) close to Lake Tana and Abbay (Blue Nile) River. The rocks were crushed using Geocrusher and sieved in between 90 and 500 μm particle size. It was washed with ultra-pure water and dried in an oven at 105°C overnight. The dried VB rock was used for further adsorption lab studies.
FT-IR and SEM/EDS analysis of VB
The FT-IR spectra were recorded using Perkin Elmer Spectrum 65 Spectrometer (USA) in the midinfrared region (4000-400 cm
) with a spectral resolution of 2 cm −1 using a pressed KBr pellet technique. The morphological study and elemental analysis of the ground VB was done using scanning electron microscope equipped with energy dispersive spectrometer (SEM-EDS), JEOL, JSM-6500F (Japan) at an accelerating voltage of 15 kV and a beam current of 1-3 nA.
Determination of pH point zero charge (pHpzc)
The pHpzc of the VB samples was determined by batch equilibration technique (Lazarevic et al., 2007) . 5 g of VB was added to each five series of flasks that contain 100 mL 0.01 mol L −1 KNO 3 solution and adjusted in pH range of 1-9 using 0.1 mol L −1 of HCl or NaOH. Equilibration was carried out by shaking for 12 h at room temperature using Benchtop shaker (ZHWY-334) at a speed of 250 rpm. The dispersions were then filtered and the final pH of the solutions (pH f ) was determined. The point of zero charge was found from a plot pHf versus pHi.
Adsorption studies
A stock solution of 1000 mg L −1 Cr (III) was prepared from chromium chloride hexahydrate (CrCl 3 .6H 2 O). Standard solutions of varying concentrations for adsorption experiments were prepared by a series of dilution of the stock solutions using ultrapure water. The ionic strength of the solution was attuned to 0.01, 0.05 and 0.1 mol L −1 using KNO 3 as background electrolyte. The pH of the solution was adjusted in the range of 2-7 using 0.1 mol L −1 NaOH and HCl. 5 g of VB was mixed with 100 mL solution containing a concentration of 100 mg L −1 of Cr (III) in a 250 mL polypropylene Erlenmeyer flask to the point of equilibrium (8 h) without further control of pH. Control (only the test substance without adsorbent) and blank (only the adsorbent without the test substance) experiments had been carried out for each set of experiments. The flasks were tightly wrapped with polyethylene parafilm to avoid pH changes during experiments due to CO 2 escape. The reactions were taking place at 25 ± 0.5°C with continuous stirring at 300 rpm.
After the end of each adsorption process, it was allowed to settle for 5 min. Subsequently, the final pH was measured. The pH changes in the experiments were observed up to a maximum of 0.35 pH. 10 mL of the supernatant sample was centrifuged and filtered through Whatman filter (pore size 2.5 μm) and the concentration of Cr (III) was determined using Inductively Coupled Plasma-Optical Emission Spectroscopy (Zewdu & Amare, 2018) . Each experiment was conducted twice and data represent the mean value, moreover each measurement was done after calibrating with standard solutions. The amount of chromium adsorbed at time t, qt, and the absorbed percentage were calculated using the Equations (1) and (2), respectively.
where q t is the amount of chromium (III) adsorbed per unit mass of the adsorbent (mg g 
Adsorption kinetics
The adsorption kinetic experiments for adsorption of Cr (III) were carried in 500 mL flask containing 5 g of VB and 350 mL solutions with initial concentrations of 20, 60 and 100 mg L −1 Cr (III) at an optimum pH and contact time between 0 and 540 min. The reactors agitation speed and temperature during the reaction were identical to section 2.4.
Adsorption isotherm
The adsorption isotherm studies were performed in a series of 250 mL Erlenmeyer flasks filled with 100 mL Cr (III) containing solutions of varying concentrations (20, 60 and 100 mg L −1
) maintained at 25 ± 0.5°C, reaction time of 540 min and optimum pH of 6. Then, 5 g VB was added into each flask. After adsorption equilibrium time, the concentrations of Cr (III) were determined using the same procedure mentioned above.
Results and discussion
FT-IR analysis
The functional groups on the surface of the VB were analyzusing FT-IR spectroscopy. The FT-IR spectrum of the VB is shown in Figure 1 . Adsorption bands observed at 3430 cm −1 and 1634 cm 
SEM/EDS analysis of VB before and after adsorption of Cr (III)
The SEM image and EDS analysis of the VB before and after adsorption of Cr (III) are indicated in Figure 2 (a) and b below. The SEM image consists of uniform and ridged morphology of grey, light grey and white platelets of different sizes. The uniform grey part indicates feldspars (plagioclase), light grey part silica and white platelets Fe-bearing aluminosilicates. The SEM image of the VB was identified based on micrographs studies of rocks (Gonzalez, Edwards, Lorbiecke, Winburn, & Webster, 2003; Michalski, Kraft, Sharp, & Christensen, 2006) . The EDS analysis indicated that oxygen (48.46%) and silicon (17.37%) by weight were the major compositions of the VB rock. Moreover, Al (9.55%), Fe (8.83%) and ca (8.8%), Na (4.87%), Mg (0.87%) and K (1.25%) were identified as shown in Table 1 (a).
The SEM/EDS analysis was used to confirm the adsorption of Cr (III) onto the surface of the VB after the reaction was over (Figure 2(c,d) ). Even though difficult to identify Cr adsorbed on the SEM image, the EDS analysis showed 2.97% by weight Cr in the exhausted VB (Table 1( b) ). This confirms the adsorption of Cr (III) onto the surface of the VB during the reaction.
Effect of pH and ion strength
In adsorption studies, pH of the solution affects the surface charge of the adsorbent (Dada, Adekola, & Odebunmi, 2017) . The influence of pH for the adsorption of Cr (III) on the VB surface was investigated as shown in Figure 3 (a). It is seen from Figure 3 (a) that adsorption of Cr (III) increased with increasing pH. At pH 2 the removal efficiency of Cr (III) was very low (0.036-2.03%). The adsorption was increased sharply to 40.93-46.43% at pH 4. Meanwhile, the maximum adsorption observed was 54.67% at pH 6. To explain the effect of pH for adsorption of Cr (III) on the VB surface, it is essential to understand the speciation of Cr (III) in aqueous solution. According to Rai, Sass, and Moore (1987), Cr (III) exists in aqueous solutions as hexa-aquachromium (3+) and its hydrolysis products. The pHpzc value for the VB was 7.6 (Figure 3(b) ). At the pHpzc, the surface of the VB has all its charges balanced. The surface of VB is negatively charged above the value of pHpzc, while the surface of the VB is positively charged below the value of the pHpzc (Sheng et al., 2012) . The smallest adsorption capacity occurred at pH 2 because of the strong electrostatic repulsion of highly protonated ions of the solution with positively charged surface of the VB. An increase in the adsorption of Cr (III) in the pH range of 2-6 might be due to reduction of repulsion of cations of Cr (III) complexes in the solution with positively charged VB surface. Above pH value of 6.4, Cr (III) precipitates as Cr (OH) 3 (Liu et al., 2016) . All other adsorption experiments were conducted at pH 6, for maximum adsorption of Cr (III) onto the VB.
Ionic strength, like pH, also affects the adsorption of a system. Figure 3 Cr (III) limits transformation of Cr (III) from aqueous solutions to the adsorbent surfaces and with increasing ionic strengths, the electrostatic repulsions would be reduced with increasing ionic strength lowering the available active sites on VB surface (Strawn & Sparks, 1999) .
Effect of contact time
The adsorption of Cr (III) onto the VB is examined at different contact time intervals using 20, 60 and 100 mg L −1 initial concentrations as shown in Figure 4 . It is observed that a rapid uptake was experienced in the first 60 min but slowed down noticeably as reaction approached to equilibrium after 480 min. The fast removal in the first 60 min might be due to the availability of vacant sites at the VB surface (Pathania, Sharma, & Singh, 2017) , solution pH 6 and reaction temperature 25 ± 0.5°C).
concentrations, the maximum adsorption capacity onto the VB surface reached up to 0.360 and 0.976 mg g −1 respectively. The considerable uptake at higher initial concentration is a consequence of larger concentration gradient between the bulk solution and sorbent phase. This is in agreement with other adsorption studies of Cr from aqueous solution onto a solid surface (Mthombeni, Onyango, & Aoyi, 2015; Rodrigues, Maschio, Silva, & Silva, 2010) .
Adsorption kinetics
The adsorption kinetics of Cr (III) onto the VB, experimental data was modelled by fitting pseudofirst order (Equation (3)) (Lagergren, 1898) , pseudo-second order (equation 4) (Ho & McKay, 1999) and Elovich (Equation (5)) (Allen & Scaife, 1966) :
where q e (mg g
) is the amounts of Cr (III) adsorbed at equilibrium; q t (mg g
) is the amount of Cr (III) adsorbed at time t (min), and k 1 (min
) and k 2 (g mg
) are the rate constants of the pseudo-first-order and pseudo-second-order adsorption kinetic equations, respectively. α is a constant related to chemisorption rate and β is a constant which depicts the extent of surface coverage.
Kinetic studies of Cr (III) adsorption to the surface of the VB using the pseudo-first order, pseudo-second order and Elovich models are shown in Figure 5 (a-c) below. A comparison of the results with the correlation coefficients is shown in Table 2 . The R 2 for the pseudo-first-order kinetic model for initial concentrations (20, 60 and 100 mg L −1 ) are high. But, large differences are observed between the theoretical and experimental equilibrium adsorption capacities (q e ). This indicates that pseudo-first order model is not appropriate for the adsorption of Cr (III) by VB. The R 2 value of Elovich kinetic model is relatively lower than pseudo-first order model, but the q e calculated is nearly identical to the experimental value. Considering the assumption of this model, the surface of the VB showed heterogeneity and occurrence of chemisorptive type of interactions (Jang, Yoo, Choi, Park, & Kan, 2018) .
In comparison to the two models, pseudo-second order kinetic linear plot ( Figure 5(b) ) gives very good straight lines for different initial Cr (III) concentrations. The correlation coefficients (R 2 ) were ≥0.99 for all concentrations ( Table 2 ). The calculated q e values also agreed well with the experimental data. These indicate that the pseudo-second order kinetic model is suitable for describing the adsorption kinetics of Cr (III) onto the VB surface.
Adsorption mechanism
The adsorption mechanisms used to determine the rate-controlling steps of adsorption of Cr (III) onto the VB were intraparticle diffusion, Bangham and Boyd models. The kinetic data were analyzed using the Equations (6) to (11) below.
Intraparticle diffusion (Weber and Morris model):
The intraparticle diffusion equation (Weber & Morris, 1963 ) is given as:
where k id is the intraparticle diffusion rate constant (mg g Bangham model:
where k o and α are constants and t is time (min).
Boyd model:
The Boyd model equations (Boyd, Adamson, & Myers, 1947) are given in Equations (8) and (9) below as:
where F is the function of the solute sorbed at different time t. Bt is the mathematical function of F.
Bt is calculated by transforming and then integrating Equation (8) and (9) as follows (Reichenberg, 1953) : 
The linear plots of intraparticle diffusion, Bangham and Boyd models are shown in Figure 6 (a-c) respectively. The intraparticle diffusion rate constant (K id ), C and R 2 values were estimated from the plot of q t versus t 1/2 (Table 3 ). The linear plot for different concentrations of Cr (III) in a wide range of contact time did not pass through the origin (Figure 6(a) ). This indicated that intraparticle diffusion was not the only rate-determining step during the adsorption process. The intraparticle diffusion rate constant (k id ) increased with increasing initial concentration of Cr (III) in the solution. This might be due to the formation of higher concentration gradient from increased initial concentrations that will ultimately cause faster diffusion and adsorption (Nethaji, Sivasamy, & Mandal, 2013) . The pore diffusion processes were analyzed using the Bangham model to confirm intraparticle diffusion based on the linear plot log (log C o /(C o -q t m)) versus log t (Aharoni, Sideman, & Hoffer, 1979) . The constants α and Ko were obtained from the intercept and slope, respectively. R 2 values were between 0.95 and 0.97 for different initial concentrations of Cr (III) at 25°C (Figure 6 (b), Table 3 ), which confirmed that pore-diffusion was one of the main mechanisms during the adsorption processes.
The Boyd's model was also used to further investigate the adsorption of Cr (III) onto the VB was controlled either by particle diffusion or film diffusion. The Boyd linear plot (Bt versus t) of the experimental data did not pass through the origin, but close to it (Figure 6(c) ). R 2 values were between 0.928 and 0.971 (Table 3 ). This showed film diffusion or other external mass transport adsorption mechanism as one of the major adsorption mechanisms in the adsorption process. This might be due to the electrostatic interaction between Cr (III) and the VB surface. All these adsorption models indicated that the adsorption process of Cr (III) onto VB involved film diffusion and/or intraparticle diffusion. This is in agreement with the study of Alemayehu et al. (2011) .
Adsorption isotherms
Adsorption of Cr (III) onto VB at equilibrium, most commonly used isotherm adsorption models: the Langmuir, Freundlich and Temkin were used to describe the obtained equilibrium data. The non-linear and linear equations of Langmuir (12), Freundlich (13) and Temkin (14) adsorption models are shown in Table 4 .
where C e is the equilibrium concentration (mg L ); 1/n is the heterogeneity of the sorption sites and adsorption intensity. B is a constant related to heat of adsorption (J mol ) were higher than the linear plots. The calculated value of 1/n from Freundlich isotherm was 0.207, which indicated that the surface was favourable for adsorption and chemosorptive type of adsorption. This is in agreement with Alemayehu et al. (2011) .
The essential features of the Langmuir adsorption isotherm parameter can be used to predict the interaction or affinity of adsorbent and adsorbate based on a dimensionless constant known as equilibrium parameter or separation factor (R L ) (Hall, Eagleton, Crivos, & Ermeulen, 1996) : (Langmuir, 1918) 
Freundlich
log q e ¼ log K f þ 1 n log C e (Freundlich, 1906) 
Temkin q e ¼ BlogAC e q e ¼ B log A þ B log C e (Temkin & Pyzhev, 1940) 
where
). The R L value shows the shape of the isotherm: 0< R L <1, favourable; R L >1, unfavourable; R L = 1, linear; and R L = 0, irreversible adsorption. The calculated value of the separation factor (R L ) for Cr (III) ion adsorption onto VB was 0.01. This value shows that the adsorption process is favourable. The potential of adsorption of Cr (III) by VB was compared with other adsorbents reported in literature. The values of adsorption capacities are presented in Table 6 with their experimental settings. Experimental studies containing Cr (III) aqueous solutions showed good adsorption potential of Cr (III) onto the surface of VB. Based on its abundant availability, ease of preparation, environmental friendly use and general cost, it might be preferred compared with other adsorbents and could be ideal to reduce Cr (III) contaminated water and wastewater from industries or other sources.
Conclusion
In this study, the VB was characterized using FT-IR, SEM and EDS. It was composed of minerals such as plagioclase, pyroxene, olivine, hematite and magnetite. The major elemental compositions by weight were 48.46% Oxygen, 17.37% Silicon and 9.55% aluminium. The adsorption potential of Cr (III) onto the VB was studied using batch technique under different experimental parameters including pH, ionic strength, contact time and initial concentrations. The pH of the medium was found to be the controlling factor in adsorption process. The percentage of adsorption of Cr (III) increased with increasing pH. At pH 6 the maximum Cr (III) adsorbed onto the VB was 54.67%. The influence of ionic strength was investigated and showed reduction in the adsorption of Cr (III) onto the surface of the VB. kinetic studies showed that equilibrium adsorption time was dependent on the initial concentration of Cr (III) in the solution. The adsorption of Cr (III) onto VB followed the Pseudo-second order kinetics. The adsorption process indicated film diffusion and/or intraparticle diffusion mechanisms during the reaction. The experimental data fit well with Langmuir isotherm model. Therefore, adsorption of Cr (III) from polluted water onto the vesicular basalt surface as alternative low-cost adsorbent appears to be viable. Further studies have to be done with real samples containing Cr (III) to evaluate its adsorption potential with other computing ions onto the surface of the vesicular basalt.
